An evolution of the transient characteristics of the GaN p-i-n diodes, operating in the avalanche mode and acting as particle sensors, has been simulated by using the Synopsys TCAD Sentaurus software package and the drift-diffusion approach. Profiling of the charge generation, recombination and drift-diffusion processes has been performed over a nanosecond time-scale with a precision of a few picoseconds and emulated through the photo-excitation of an excess carrier domain at different locations of the active volume of a diode. Shockley-Read-Hall (SRH), Auger and radiative recombination processes have been taken into account. Fast and slow components within a current transient have been analysed based on the consideration of the carrier spatial distribution at different instants of the avalanche process. The internal gain due to charge multiplication ensures the sufficient charge collection on electrodes of the relatively thin (5 µm) diode operating in the avalanche mode. It has been shown that the simulated evolution of the detector transient responses by employing the drift-diffusion approach reproduces properly the qualitative modifications of the main features of a detector with an internal gain, realized by induction of the avalanche processes governed by the applied external voltage.
Introduction
Recent advances in semiconductor technology are attained due to intensive investigations and wide applications of gallium nitride (GaN) based semiconductor devices, such as light emitting diodes [1, 2] and lasers [3, 4] , photodiodes [5, 6] , HEMTs [7, 8] , surface acoustic wave sensors [9] and acous to-optic devices [10, 11] . Gallium nitride is one of the most promising materials for fabrication of particle detectors operating within a harsh radiation environment [12] [13] [14] [15] [16] [17] [18] , based on small dark as well as leakage currents and high breakdown voltages. The excess carrier pair generation by high energy protons comprises 40-80 pairs per a µm length of the device active region per proton [19, 20] . Thus, to get the measurable signals and to detect particles with a rather small interaction cross-section, relatively thick (300-500 µm) devices are needed [17] . The GaN crystalline material of a proper quality is usually obtained by the MOCVD technique. However, the MOCVD grown epilayers are rather thin (2-12 µm) . The inevitable noise level in the measurement circuit is usually equivalent to 3•10 4 electron-hole pairs, close to a minimal impact particle (MIP). To get a measurable signal in a 2-12 µm thick detector, the internal amplification is needed. This can be implemented by using carrier impact ionization processes. Such a particle detector resembles the avalanche photodiode (APD) fabricated on GaN [5, 6, [21] [22] [23] , with an active region covering several micrometres. To predict characteristics of a thin detector with an internal gain, a detection process can be emulated by considering a drift of excess carriers leading to the avalanche processes in the active region of a diode. A set of the most important characteristics of APD consists of dark current, photocurrent, gain, spectral response, excess noise, etc. Majority of papers devoted to APD are addressing the analysis of these characteristics. However, dynamic characteristics of APD [24] [25] [26] [27] [28] [29] [30] [31] [32] , especially based on GaN, are less examined. A pulsed response of APD shows [25, 27, 29] that the rise-time of the APD current is rather short, while the fall-time is longer by several orders of time-scales. This is a crucial disadvantage of APDs for high speed applications. However, it may be an advantage for particle detectors allowing an increased charge collection on electrodes.
This work is addressing the simulation of the dynamic characteristics and avalanche processes in the p-i-n structure wurtzite-phase GaN diode operating as a radiation detector with an internal gain. The detector current transients have been simulated by the technology of computer aided design (TCAD) and their dependences on the applied DC voltage, carrier lifetime and location of radiation beam incidence within a layer of intrinsic conductivity have been analysed.
A simulation model and parameters
It has been assumed that a detector consists of 1 µm thickness N ++ and P ++ regions with a large doping density of 10 19 cm -3 at the contacts and an undoped intrinsic region (5 µm-thick layer). Donor and acceptor distribution is approximated by a complementary error-function erfc(x) with the assumed diffusion length of 0.01 µm. The diode area is assumed to be S = 7.85•10 -5 cm 2 . Detector current transients have been simulated by considering a photo-excitation of the excess carrier domain which appears at different locations x 0 within the active volume of a sensor, ascribed to various radiation beam incidence positions. As an initial condition, it has been assumed that this carrier domain occupies 0.1 µm in space and 2 ps in time. To avoid the feedback effects, simulations were mainly performed for the position x 0 = 4.2 µm (within an inter-electrode distance) of excess carrier pair injection. For this initial injection position, the bipolar drift occurs where the electron and hole packets reach synchronously the corresponding N ++ (positively charged) and P ++ (negatively charged) electrode regions. The parameters of the optical excitation wavelength of λ = 0.47 µm and its power density 10 4 W/cm 2 were chosen in simulations. In experiments, the mentioned parameters might be reached with a sharply focused laser beam.
The p-i-n structure diode has been analysed using a drift-diffusion model [33] , based on the solution of the Poisson's equation for electrostatic potential and continuity equations for electrons and holes, installed within the Synopsys TCAD Sentaurus platform. This model is adequate to the considered diode structure with a total interelectrode length of 7 µm and ignores any "dead space" effects essential for submicron devices. All the material parameters taken for simulations correspond to the lattice temperature of T = 300 K. Values of the parameters (such as Shockley-ReadHall (SRH) recombination lifetimes for electrons and holes, dependent on doping and excitation densities, of the coefficients of band-to-band Auger recombination, coefficient of the radiative recombination and coefficients of the charge generation due to impact ionization, -those are installed within Synopsys TCAD platform) were chosen to be adequate to a wurtzite-GaN. Actually, the electron and hole SRH lifetime of 1 ns corresponds to the Synopsys TCAD standard parameter file for GaN. Values of the impact-ionization coefficients (α n and α p for electrons and holes, respectively) were calculated using the Van Overstraeten and de Man model [34] based on the Chynoweth law as .
(
Here E is the electric field strength, while other parameters are as follows: a n = 2. 
Here such values were assumed: E 1n = 2.2089•10 5 V/cm, E 1p = 4•10 3 V/cm, β n = 7.2044, β p = 4, δ n = 0.7857, δ p = 0, γ n = 6.1973, γ p = 0. The dependence of the carrier diffusion coefficient on the electric field was calculated using the mobility values and the Einstein relation.
Most of the simulations were performed assuming only a constant (DC) voltage source connected in series with a diode. For comparison, a few simulations have been made using a simple circuit consisting of a constant voltage source connected in series with the diode and a load resistance of R L = 50 Ω.
Simulation results and discussion

Profiling of excess carrier density and generation rates
Profiling of the excess carrier domain injection as well as its separation to electron and hole packets, and the changes of the vertex position of the packets have been performed at different instants during the formation of a transient, and the simulated profiles are depicted in Fig. 1 . Also, the outspread of the packets appears due to the carrier diffusion processes, as illustrated in Fig. 1 .
Just after the optical pulse ends, the rectangular electron and hole packets make the 0.1 µm width sheets with the sharp carrier density gradients. After a rather short time (at t = 4 ps), the electron and hole packet shapes approach the Gaussian one, due to carrier diffusion, which also leads to a broadening of the carrier packets. The electron diffusion coefficient is larger than that of the holes, therefore the electron packet at t = 4 ps becomes wider by a factor of 1.5 than that of the hole sheet. Consequently, the density of the carriers decreases within a packet vertex if a sheet area is invariant due to a negligible recombination. Simultaneously, the carrier drift leads to spatial shifts of the vertexes of electron and hole packets.
For the strongest electric fields (of E = 2.65•10 6 V/cm), electrons and holes drift in opposite directions, by acquiring the saturation velocities. There, an intensive impact ionization takes place together with carrier drift and diffusion. The spatial distribution of the impact generation rate (G = α n nv ns + α p pv ps ) (Fig. 2) imitates the carrier distribution profiles obtained for rather strong external fields (Fig. 2) . The value of the hole ionization coefficient (3.44•10 3 cm -1 ) is larger by a factor of 4 than that (8.26•10 2 cm -1 ) for electrons. However, the values of the saturation velocity for holes are less by a factor of 1.8 than those for electrons. As a result, the carrier density within the vertex of the hole packet is higher by a factor of 1.7 than that within the vertex of the electron sheet, due to the slower diffusion of holes (Fig. 1) . Consequently, the hole impact ionization rate at the vertex of the hole packet is 4 times higher than that for the electron packet (Fig. 2) .
The SRH recombination rate is lower (by 3 orders of magnitude) than the impact generation rate (Fig. 2) . At an instant of t = 10 ps, the carrier generation rate within the vertex of the electron packet reaches a value of 1.2•10 23 cm -3 /s (Fig. 2) . During a time-interval of 1 ps, the electron packet vertex shifts by a distance of 0.18 µm and generates the electron-hole pairs of 1.2•10 11 cm -3 density. This carrier density is considerably lower than the electron density at the vertex of the packet (8•10 12 cm -3 ). The secondary carrier density, generated by the impact-ionization within the hole packet, approaches a value of 4•10 11 cm -3 , and it is considerably lower than the hole density (1.5•10 13 cm -3 ) at the vertex of the hole packet. Despite the fact that the secondary carrier domain, generated by the impact-ionization segment at a time moment of t = 10 ps, covers a spatial segment that is six times wider than the primary carrier packets, the convectional current density of a diode is mainly determined by the primary carriers. At an instant of t = 20 ps, just before the carrier packets enter the high doping, near-electrode regions, the convectional current densities ascribed to the primary and secondary carriers are approximately equal (Fig. 3) .
Carrier velocity changes follow the electric field variations in time, according to the assumptions of the drift-diffusion model, where no delay and feedback effects are considered. Thereby, the secondary electrons within the packet of primary electrons drift synchronously with the primary ones, having a saturation velocity, until these carriers reach the N ++ region. The secondary holes (of the impact ionization generated carrier pairs) drift in the opposite direction and leave quickly the primary electron packet. Due to a big difference between densities of the primary and secondary carriers, a contribution of the secondary carriers to the total density of carriers within the packets of holes and electrons is small, thus, not observable in Fig. 1 . However, the clearly observable "tail" components of the secondary holes generated by electrons on the right of the electron packet and the secondary electrons generated by holes on the left of the hole packet, respectively, appear in Fig. 1 , where the density of the secondary carriers considerably exceeds that ascribed to the dark current density. The densities of the secondary carriers do not coincide within the "tail" components of these secondary electrons and holes because the values of the hole ionization coefficient significantly surpass those coefficients for electrons. These secondary carriers generate the ternary carriers leading to the avalanche process, evolved from the primary carrier drift. As a result, the difference between the electron and hole densities within the corresponding packets increases with time ( Fig. 1) . For instance, all the primary carriers and part of the secondary ones reach the high doping regions at the moment of t = 24 ps. Instants of the arrival of the carrier packets to the high doping regions coincide very well with the fast diode current fall between t = 20 ps and t = 24 ps. Residual secondary, ternary and other carriers lead to the considerably lower rates of the impact ionization, and the current density relaxes to a very low value of the dark current.
Evolution of current transients
Evolution of the p-i-n diode current transients has been investigated using a linear mode, when the diode voltage is lower than the static breakdown voltage, and an excess carrier domain of a rather low density is injected. The avalanche mode of diode operation evolves with an increase of the applied DC voltage. The evolution of the diode current transients with the voltage U, applied to the diode, is depicted in Fig. 3 . At U = 875 V, the impact ionization rate is negligible and the diode current pulse is almost rectangular. The pure bipolar drift is then held, as the electron and hole packets reach synchronously the electrodes due to the assumed initial injection position of the x 0 = 4.2 μm. The rise time within the transient is in line with the optical excitation pulse duration of 2 ps. The pulse duration within the transient vertex represents the carrier bipolar-drift time. Duration of the current fall component within the transient is longer than the rise time due to carrier diffusion. Under an increase of the applied DC voltage to the values that are sufficient for the impact ionization, the current within the transient vertex increases almost linearly with time. The overall current increases with U as well. The current fall-time, in the case of the considerable impact ionization, consists of two components: the fast component ascribed to the drift of electron and hole packets entering the N ++ and P ++ regions, and the slow rear component, its duration being determined by the competing processes of the excess carrier generation, due to the impact ionization, and their recombination. Estimations of the recombination rates showed that the SRH recombination prevailed over the rates of the Auger and radiative recombination by several orders of magnitude. Therefore, only the SRH recombination has been taken into further consideration of the recombination role. A bipolarity of drift no longer holds (when the primary excess carriers, induced by impact ionization, leave the intrinsic material layer) because the secondary electrons and holes, generated by the impact ionization, occupy completely the intrinsic material layer, and carrier drift time is different due to the different saturation velocity for electrons and holes. A dimple appears within the current transient at an instant of t = 48 ps, indicating the moment when the secondary electrons reach the electrode region. In the later stages of the transients, the current relaxes to a small value of the dark current, for the considered DC voltage and injected carrier density range. The charge collected on the electrodes is equal to the area (integral) under the current curve of the diode transient response. The comparison of the transients simulated for U = 875 V and U = 1325 V shows that the collected charge for the case of the intensive impact-ionization process is many times larger than that below the threshold of the avalanche one.
Impact of recombination
Carrier lifetimes in heavily irradiated particle detectors may vary considerably due to the deep traps attributed to the radiation defects. A significant decrease of carrier lifetime with irradiation fluence affects detector signals, especially within the rear stages of the response pulses (Fig. 4) . Even for rather short optical injection pulses of 2 ps duration, the role of carrier recombination processes cannot be neglected. However, it can be balanced by the internal gain obtained at elevated external DC voltages, applied to a detector. Assuming a short carrier lifetime of τ SRH = 10 ps, the impact-ionization and consequent carrier generation rate (within drifting packets) exceeds the recombination rate by a factor of 10. As a result, the detector current within the vertex of the response pulse decreases only by 13%, when comparing with the situation of rather long carrier lifetime, τ SRH = 1 ns (Fig. 4) .
The impact of recombination is most pronounced within the profiles of the carrier density (Fig. 5) ascribed to the residual carrier distribution. The latter density determines the efficiency of charge collection in the radiation detector (Fig. 5) .
The charge collected on electrodes can be simply evaluated by integrating a transient in time (Fig. 4) , where an area surrounded by the current curve and time axis estimates the collected charge. It can be deduced from Figs. 3 and 4 that this area decreases with shortening of the carrier lifetime. An enhancement of the applied voltage can be employed to restore the charge collection efficiency (CCE) of a detector. It can be deduced from Fig. 3 that even for short carrier lifetimes of 10 ps, an enhancement of the applied DC voltage from 875 to 1325 V leads to an increase of the charge collected on electrodes by a factor of 2. The CCE parameter is the most important characteristic of a radiation sensor when these detectors are applied for spectroscopy of irradiations, not only as particle trackers.
Profiling of detector transient responses
Performance of the radiation sensors depends not only on the parameters of carrier generation and recombination in the material, but also on the energy and location of the incident ionizing radiation. A single high energy particle may cross the diode active layer at different locations, or rather wide beams of ionizing radiations excite a fixed area and depth of a sensor by generating secondary electron-hole pairs. In the case of local injection of the secondary carrier pairs, the drift time of electron and hole packets is different. As a result, the shape of the current pulse depends on the location x 0 of the injected excess carrier domain. This is illustrated in Fig. 6 , where the simulated transients represent three injection situations: on the left side, in the middle, and on the right side of an active layer of the detector.
The shape of the current pulse changes drastically by varying the x 0 . For the case (x 0 = 1.05 µm) when carrier pairs are injected close to the electrode that collects electrons, the hole packet drift prevails in the formation of the current transient. The current is mainly governed by the electron packet drift if the carrier pair domain is located (x 0 = 5.95 µm) nearby the electrode collecting holes. There changes of the instant values of the current and difference of pulse durations can be easily observed. A similar shape for these two cases could be implied where the ascending with time current indicates a gain obtained due to the avalanche processes. Nevertheless, the values of the hole current are several times larger than those for electrons, mainly due to the larger coefficient of the impact ionization for holes. However, the duration of the hole current pulse is 1.8 times longer than the electron pulse (i.e. v ns /v ps = 1.8). For the third considered (x 0 = 3.5 µm) situation, the electron and hole packets cover nearly the same drift distance of 2.5 µm.
However, a drift of the hole and electron sheets happens with different saturation velocities. Then, the current acquires a double-peak shape (Fig. 6) . The first peak within the transient corresponds to the electron packet arrival to the N ++ layer, while the second one indicates an instant of the hole packet arrival to the P ++ layer.
Discussion
An assumption of the invariable voltage on electrodes is convenient for analysis of the internal processes of carrier generation, recombination and transport, by excluding any influence of the external circuit, as considered above. However, the realistic measurement circuits contain, at least, a load resistor of R L = 50 Ω connected in series with a DC voltage source. In the case of the short time constant of R L C d = 7.4 ps, attributed to the charging processes within the external circuit, significant delays of the current rise-time and fall-time components can appear within the formation of detector current transients. Variations of the current transients are illustrated in Fig. 7 , as have been simulated for the GaN detector connected in series with the DC voltage source and the load resistor of R L = 50 Ω, by varying the fixed values of the applied DC voltage. It can be deduced from Fig. 7 that the connection of the load resistor smooths the transients, by excluding clear dimples in current variations (observed in Figs. 3, 4) , when comparing the transients of Fig. 7 with those depicted in Figs. 3 and 4 . Nevertheless, the delay (of >> 2 ps) of the fast current rise-time appears. The shape of the drift current increase with running time is close to the linear law or approaches the (1-exp(-t/R L C d )) form, as can be deduced from Fig. 7 . The smoothing of current changes within the transient (Fig. 7) , determined by the load resistor, also leads to a decrease (by 21%) of the peak current value relative to that simulated without the load resistor (Figs. 3, 4) . The rear stage within the transients, illustrated in Fig. 7 , is also delayed, and no fast fall (resembling a step) of the current appears, in contrast to that observed in Figs. 3 and 4 for t > 20 ps. However, smoothing of the dimples within the current transients, simulated for the elevated (1175 V) applied voltages, is not complete. This implies that these subtle current variations depend on the applied voltage and the injected/ionization induced carrier density. The current variations decrease with reduction of the values of DC voltage and carrier density.
Such current non-monotonicity effects do not appear when changes of the displacement induced charges on electrodes are taken into consideration [36] together with charges created by a voltage source. In other words, the changes of barrier capacitance due to injected and drifting 
Summary
An evolution of the transient characteristics of the GaN p-i-n diodes, operating in the avalanche mode and acting as particle sensors, has been simulated by using the Synopsys TCAD Sentaurus software package and the drift-diffusion approach. Profiling of the charge generation, recombination and drift-diffusion processes has been performed over a nanosecond time-scale with a precision of a few picoseconds and emulated through the photo-excitation of an excess carrier domain at different locations of the active volume of a diode. Fast and slow components within the current transient have been analysed based on consideration of the carrier spatial distribution of the avalanche process at different instants. It has been shown that the simulated evolution of the detector transient responses by employing the drift-diffusion approach reproduces properly the qualitative modifications of the main features of a detector with an internal gain, realized by the induction of avalanche processes governed by the applied external voltage.
